This paper presents design, analysis and simulation performance of an active power controller for stable and reliable operation of a micro-grid system. Power balance between generation and consumer is a critical issue for stable and reliable operation of the micro-grid systems. This issue becomes more critical when a micro-grid system contains stochastic nature distributed generations such as wind and solar because their output power changes non-uniformly. In order to achieve accurate and fast power balance in such a micro-grid system, power in the system has to be regulated continuously. Such an objective can be achieved using droop based alternating current control technique. Because the droop characteristic employed into the developed controller initiates determining the power deviation in the system which is continuously regulated by controlling the current flow into dump power resistors. The designed controller is simulated for the operation of a micro-grid system in stand-alone mode under various operating conditions. The simulated results show the ability of the developed controller for stable and reliable operation of the microgrid that contains renewable sources. The experimental development of the micro-grid system and the testing of the developed active power controller are presented in PART II of this paper.
Introduction
Increasing energy demand, environmental concern, de-regulated market policy and technology advancement are main causes to integrate distributed generation (DG) units into power system network. Such integration process leads the conventional power system to the new power system domain called micro-grid system. A micro-grid system generally composes of DG units with diverse generating capacity, availability, primary energy and operational costs. The application of such DG units in a micro-grid domain requires delivering stable, reliable and sustainable power generation, conversion, storage as well as distribution and exchanging during the entire operational time of the micro-grid system. In order to achieve such operational objectives, coordination and control in a micro-grid system are essential with the consideration of a series of factors such as availability of power generation, operational modes, voltage and frequency limitation, micro-grid load demands, renewable power penetration as well as energy cost [1] [2] .
Operation and control of an isolated micro-grid system consisting of renewable power generations become critical because of the stochastic variation in primary energy sources such as wind speed, solar isolation etc. Such variation always leads to the change in active power generated by the DG units in the micro-grid system. As a result the active power generation in the micro-grid system varies randomly that results in an active power mismatches between generation and consumption, which is stochastically varying in nature. Moreover, low inertia in the isolated micro-grid system as compared to a conventional power system along with stochastic behavior in active power mismatches can easily lead the micro-grid system instability. Hence, continuous and smooth active power regulation in an isolated micro-grid system has become an important issue to achieve stable and reliable operation of the system that comprises of renewable power generations such as wind turbines, photovoltaic panels etc.
The growing interest of utilizing renewable power generations in micro-grid domain has turned researchers to address a variety of issues such as architecture, modeling, reliability and cost, operation and control strategies related to micro-grid systems. Several researchers have studied the issues related to frequency control in the micro-grid systems. Power management strategies in a micro-grid system proposed by R. H. Lasseter are carried out by controlling the power angle between the voltage at the voltage source converter and the micro-grid voltage for each micro-source [3] , where micro-sources are assumed to be converter interfaced in the micro-grid domain. The successful laboratory test of micro-grid system presented in [3] is performed and reported in [4] . The application of non-inverter interfaced DG units and storage systems in such micro-grid systems is also studied [4] . Power sharing technique among multiple DGs in a micro-grid system is also presented and discussed, where DGs are assumed as inverter interfaced with dispatchable energy sources [5] . In [5] , one of the limitations of feeder flow control introduced in [3] is addressed to achieve improved power sharing among DGs which are connected to a common feeder in series during transition between grid connected to island system. Such limitation is solved by employing a method of determining the new droop coefficients during the transition period. Droop based parallel inverter control concept is also adopted to achieve frequency regulation in a wind-solar power source based micro-grid system [6] . A DC/AC pulse width modulated inverter interfaced battery storage system that is used to maintain the micro-grid frequency is presented in [7] . The battery-inverter arrangement is controlled to regulate the magnitude and frequency of its voltage output during the isolated operation of the micro-grid system, according to the power-frequency droop curve. Frequency control in the New Energy and Industrial Technology Development Organization micro-grids is also performed by controlling the active power component of an inverter interfaced battery storage system using power versus frequency droop characteristics [8] . In [9] [10], frequency controller for a micro-grid system is presented, where droop methods and frequency restoration technique are employed to regulate active power component of the inverter interfaced DG units. The DG unit in such micro-grid system is assumed as a DC source. A primary frequency controller is proposed in [11] for variable speed wind energy conversion system in micro-grid operation. The control scheme determines the new operating point of the wind generator unit based on the frequency variation in the micro-grid system. The power at the new operating point provides current reference of the rotor side converter. Parallel inverters control concepts using droop methods are proposed for micro-generations control in a micro-grid system to maintain the active power balance between generation and consumption [12] .
A central automatic control system based on estimated load curve is presented for a micro-grid system. Such controller maintains the system frequency by controlling the individual generation units based either on or off depending on the state of the micro-grid frequency [13] . Fuel cell and electrolyzer hybrid system is employed with a dynamic fuzzy proportional-integral controller to ensure real power balance between generation and consumption is studied in [14] .
According to the technical literature, parallel inverter control technique based on droop methods has been extensively used to regulate frequency in the micro-grid system. However, it has been reported in [15] because of the droop characteristics; the system frequency may drop to a value that all micro-generation units will be oper-ating in a newer operating frequency which may differ from the nominal frequency of the micro-grid system. Thus, a power sharing strategy using static droop characteristics and an adaptive transient droop function is investigated in [15] . Moreover, one of the limitations of parallel inverter control concept is identified and an idea to overcome such limitation is presented in [5] .
In [16] , auction based theory is applied in pricing strategy for solar-powered micro-grid system, where supply and demand issue is considered as a Potluck problem. A dynamic model of a hybrid system along with an optimal control issue for real time operation is discussed and presented in [17] . A STATCOM based control technique for power quality improvement of a grid connected wind turbine system is proposed, and the proposed control technique showed the significant improvement in power quality in an integrated wind generator, STATCOM and battery energy storage system [18] .
In this paper, a micro-grid system comprising of wind power generation system and a small hydro generation unit is presented. The system is located at Fermeuse, Newfoundland, Canada. An active power regulation scheme for stable and reliable operation of such a micro-grid system in an isolated condition has been developed and presented. The proposed scheme is designed to accommodate excess active power in the micro-grid system generated by variable speed wind power generation system in a continuous fashion. Stochastically varying active power in the isolated micro-grid system can be accommodated either by storing energy as water head potential or by using heat load (or resistive dump load) or a combination of both. The performance of the designed controller is tested through simulation in stand-alone mode under various operating conditions of the micro-grid system. The results indicate that the developed active power controller is capable to maintain smooth power balance during stand-alone mode of operation. Also, the controller shows the ability to maintain stable and reliable operation of the micro-grid system that contains only renewable sources.
The Micro-Grid System
A micro-grid system is a pliable combination of loads, DG units, storage systems either centrally or individually, and interfaced power conditioning units. Such combination can be operated as a single controllable system to provide electric power or electric power and heat to loads within the micro-grid service domain. Wind turbines, solar panels, fuel cells, hydro units and/or non-renewable energy sources are the commonly used DG units in the micro-grid system. However, the combination of the DG units in a micro-grid domain depends upon sites and the availability of the primary energy sources in the site. Micro-grid systems provide benefits to the utility operators and investors, DG owners and customers. Such benefits may include reliable power supply to loads, efficient power transmission, reduction in transmission system expansion and increases renewable power penetration [3] [9] [19] .
Fermeuse Micro-Grid System
This research considers a micro-grid system located at Fermeuse, Newfoundland, Canada. The Fermeuse system consists of 9 WTs, a hydro generation unit (HGU), transmission lines, transformers, a storage unit and two loads. Also, the Fermeuse system includes a link for utility-connected mode of operation. It is important to note that the combination of DG units in the micro-grid system is from renewable energy sources. Figure 1 shows the single line diagram of the Fermeuse system. Data for the buses of the study micro-grid are provided in Table 1 . Also, the data for transmission lines and transformers are provided in Table 2 .
In order to study and observe the entire operational behavior of the micro-grid system, three operational modes are considered and are conceptually shown in Figure 2 . Such operational modes are: 1) utility grid connected, 2) isolated micro-grid with wind power generation system, and 3) isolated micro-grid without wind power generation system [20] . During any operating mode, the active and reactive powers balance in a micro-grid system can be stated as:
where v ω is the wind speed, ( ) P h and ( ) Q h are active and reactive power outputs of the hydro unit, and The study concludes that when the micro-grid is operated in utility-connected mode, the excess powers, 0 P ∆ > and 0 Q ∆ > are supplied to the grid, while 0 P ∆ < and 0 Q ∆ < are delivered from the utility grid. During isolated micro-grid with wind power generation system operating mode, it also shows that when 0 P ∆ > and 0 Q ∆ > , the excess powers are required to accommodate continuously either by storing or by supplying to the dump load, and when 0 P ∆ < due to low wind speed availability, more than one wind turbine is required to switch to supply power demand along with dump load. Also, during isolated micro-grid without wind power generation system operating mode, while 0 P ∆ < and 0 Q ∆ < , the additional powers are required to supply by the SU [20] . It is to be noted that the proposed active power controller in this paper is investigated for an isolated micro-grid with wind power generation system operating mode (Figure 2(b) ).
Active Power Controller
The main objective of the proposed active power control scheme is to maintain continuous and smooth active power balance between generation and micro-grid load. It is worth mentioning that during isolated micro-grid with wind power generation system operating mode, the active power generation in the system varies due to the stochastic variation in wind speeds. Moreover, the power balance in such a micro-grid system has to be achieved by allowing wind generator to operate in optimal power extraction criteria rather forcing wind generator to produce power within a limited capacity of generation. Forcing wind turbine to generate power less than their available power will reduce the turbine efficiency as well as will require additional time to get pay back, which may not be attractive option for investors. Therefore, power control scheme is required to design in a micro-grid system that contains renewable energy sources such as wind turbines by allowing them to operate in their maximum power extraction criteria so that wind generators can produce power at their optimal efficiency. Figure 3 shows the active power control strategy for the operating mode of anisolated micro-grid system with wind power generation system. During isolated micro-grid with wind power generation system operating mode, the control principle lies into two folds. One is to store energy as water head potential and the other is to shape excess energy using dump load such as heating load. Due to the availability and opportunity to use existing reservoir in the selected site (Fermeuse, Newfoundland, Canada), pumped hydro storage system is proposed for the micro-grid operation. A motor equivalent load is used in the system to present motor-pump set during this operational mode. However, as the wind power varies stochastically and motor-pump set consumes a finite amount of power, the isolated micro-grid system will still have excess active power which is required to shape to maintain the system frequency in an acceptable range (59.5 -60.3 Hz).
The functional block diagram of the developed controller is shown in Figure 4 . The controller comprises of phase locked loop, droop calculator, proportional-integral regulator, firing angle calculator, firing pulse generator, switching devices, and resistive dump load. Two thyristor switches are connected in anti-parallel and used in one phase to achieve bi-directional operation. The thyristor switches are selected because of their capability to operate in high power applications [21] .
The 3-phase system voltages , s abc V are utilized in phase locked loop to measure the micro-grid frequency. The measured frequency is compared with the micro-grid base frequency and then input to the frequency-active power droop characterizer. The power variation in the micro-grid system due to the change in the system frequency can be expressed as ( ) where, P ∆ is the power variation in the micro-grid, c D is the droop coefficient, base f is the nominal micro-grid frequency and mes f is the measured frequency from the system. The power P ∆ is passed through the PI regulator to generate the control signal cs u according to (4) .
where, p k and i k are the proportional and integral gain of the PI regulator. The signal cs u obtained from the PI regulator is employed to calculate the firing angle for the switching devices. The change in control signal create variation in firing angles of switches, which results a change in conduction angle of the switches. The change in conduction angle of the SCR switches causes a change in RMS value of the current flowing into the dump load and results in a change in the amount of real power to be dumped into the dump load. The firing angle generator is represented by a linear equation using the intuition that the higher value of control signal requires lower value of firing angle and vice versa, because lower value of firing angle means allowing more power into the dump load and vice versa. Conceptually, higher value control signals represent larger error or larger power deviation in the micro-grid system which requires absorbing more power from the micro-grid system and vice versa. The relation between the firing angle and control signal based on the principle of SCR switched three phase full wave AC voltage controller is expressed as follows. 
The firing angle α and the 3-phase reference voltages are utilized to generate synchronized switching pulses for the switching devices.
Modeling and Simulation
The designed active power control scheme described in the preceding section is modeled and simulated in the Matlab/Simulink environment in order to observe its performance. The available model of a phase locked loop and a firing pulse generation unit in the Simpower system library are used in this simulation. The models of power variation coefficient, control signal and firing angle estimator are developed using the available components in Simulink. The simulation is performed for a 20 seconds interval. The designed control scheme is simulated for this case, while a step load is applied to or released from the micro-grid system. The amount of load for a step change is equivalent to a load of a motor-pump set. Since it is necessary to run motor-pump sets to pump water into the upper reservoir for generating power using the stored water, a load equivalent to a motor-pump set is used for step change in the simulation. The simulation for a step load change is also a 20 seconds interval. The grid disconnection occurs at t = 5 seconds due to a fault or regular maintenance.
Simulation Performance
A simulation study is carried out on a system consisting of the active power controller along with the micro-grid system based on renewable power generation shown in Figure 3 , and the performance results are presented in following figures. The performances of the designed controller are observed for various operating conditions. These conditions are utility grid disconnection and subsequent operation, variable power generation by the wind generators, and step increase and decrease in loading conditions. The micro-grid frequency using the designed active power controller and without the controller are shown in Figure 5 and Figure 6 , respectively. Until t = 5 seconds, the system frequency remains at its rated value as the micro-grid system is connected to the utility grid.
At t = 5 seconds, the utility grid is disconnected from the micro-grid system and the designed active power controller is activated for the operating mode of an isolated micro-grid system with wind power generation. The frequency of the isolated micro-grid system during utility grid disconnection and in subsequent operation while wind power generation system is connected is shown in Figure 5 . Due to the control action of the active power controller, the micro-grid frequency settles to its nominal value after a smooth dynamic change during the time of transition from grid-connected to isolated micro-grid operation. On the other hand, the frequency of the isolated micro-grid system with wind power generation and without an active power controller, shown in Figure  6 , starts with a large overshoot at the time of grid disconnection. This overshoot occurs as no control action is applied to the system. Thus the system frequency response indicates a significant ability of the developed controller to maintain an active power balance between the generation and the loads in the isolated micro-grid system with wind power generation.
The firing angle for the thyristor switches that is derived from control signals at the proportional-integral regulator output, and the average value of the current flowing into the dump load, are shown in Figure 7 and Figure 8 , respectively. Figure 7 illustrates that there is a fast, smooth and wide range of change in the firing angles at the beginning of the grid disconnection. These changes allow the controller to be able to accommodate the initial power mismatches during the transition from the utility connection to the isolated mode of operation. The rest of the time, t = 10 -20 seconds, the firing angle varies dynamically to adjust the power in the microgrid system that is supplied by the wind power generation system, since the power generation by the wind generator varies according to the change of the wind speed. Furthermore, Figure 8 demonstrates the change in the current flow into the dump load with the variation in firing angles. The variation in the average value of the current flow dictates the variation in power delivered to the dump load, which results an active power balance in an isolated micro-grid system with wind power generation.
The active power controller performances are also verified using step changes in the loading condition, and the simulation results are presented in following Figures. During the utility grid disconnection at t = 5 seconds, the system frequency varies and then settles down to its rated value smoothly. The frequency of the isolated micro-grid system with wind power generation along with the active power controller is recorded during step changes in load and is shown in Figure 9 . The figure illustrates that a dip in system frequency occurs due to the change in load demand every time; however, after a short while the frequency settles back to its rated value. Frequency regulation in these operating conditions by adjusting the active power in the system also indicates a significant ability of the designed controller in the isolated micro-grid operation.
An increase step change in load is applied to the system at t = 10 seconds in an amount of 7.4 percent of the total load demand of the micro-grid system. Similarly, a decrease step change in load is also created in the system at t = 15 seconds in the same quantity of the load. These step changes in load are applied at the same bus where load-II is connected and are shown in Figure 10 . Furthermore, the firing angles for thyristor switches derived from control signals and the current flowing into the dump load during step changes in the load are also shown in Figure 11 and Figure 12 , respectively. Figure 11 illustrates that the firing angle increases at t = 10 seconds because the micro-grid load demand increases. This condition indicates that there is a requirement to send less power into the dump load. This requirement is achieved by the action of the designed controller and is shown in Figure 12 because less power is supplied to the dump load starting at t = 15 seconds. Figure 11 also illustrates that the firing angle decreases at t = 15 seconds because micro-grid load demand decreases. This case indicates that there is a need to deliver more power into the dump load. This goal is reached by applying the developed controller action and is shown in Figure 12 , because more power is delivered into the dump load starting at t = 15 seconds. 
Conclusion
This paper has presented the design, simulation and performance testing of an active power controller for an isolated micro-grid system which contains only renewable energy sources. The controller is developed based on alternating current control technique, where dump load resistor and power-frequency droop characteristics are employed. The controller is modeled and simulated using MATLAB/SIMULINK simulation package. The controller performances are tested through simulation under various operating conditions and satisfactory simulation results are presented in this paper. It is found that the design active controller is capable to maintain the fast and accurate power balance between the generation and load, while a stable and reliable operation was maintained during transition between the grid connected to the isolated micro-grid domain, and in the subsequent operation.
